s Abstract In 1973, C. S. Holling introduced the word resilience into the ecological literature as a way of helping to understand the non-linear dynamics observed in ecosystems. Ecological resilience was defined as the amount of disturbance that an ecosystem could withstand without changing self-organized processes and structures (defined as alternative stable states). Other authors consider resilience as a return time to a stable state following a perturbation. A new term, adaptive capacity, is introduced to describe the processes that modify ecological resilience. Two definitions recognize the presence of multiple stable states (or stability domains), and hence resilience is the property that mediates transition among these states. Transitions among stable states have been described for many ecosystems, including semi-arid rangelands, lakes, coral reefs, and forests. In these systems, ecological resilience is maintained by keystone structuring processes across a number of scales, sources of renewal and reformation, and functional biodiversity. In practice, maintaining a capacity for renewal in a dynamic environment provides an ecological buffer that protects the system from the failure of management actions that are taken based upon incomplete understanding, and it allows managers to affordably learn and change.
INTRODUCTION
It has been almost three decades since the term resilience was introduced to the literature by the theoretical ecologist C. S. Holling (22) . Since that time, multiple meanings of the concept have appeared (15, 40) . Since most management actions are based upon some type of theory, these multiple meanings of resilience can lead to very different sets of policies and actions.
This review is divided into three parts. The first section reviews concepts and multiple meanings of resilience as they have appeared in the literature. That section reviews examples of modeling and field experiments that enrich our understanding of ecological change. The second section includes an assessment of how resilience is related to other key ecosystem properties. The review measures for resilience are near equilibrium ones-such as characteristic return time as defined above. The concept of ecological resilience presumes the existence of multiple stability domains and the tolerance of the system to perturbations that facilitate transitions among stable states. Hence, ecological resilience refers to the width or limit of a stability domain and is defined by the magnitude of disturbance that a system can absorb before it changes stable states (22, 35) .
The presence of multiple stable states and transitions among them have been described in a range of ecological systems. These include transitions from grassdominated to woody-dominated semi-arid rangelands in Zimbabwe (60) and Australia (36, 59) . In these cases the alternative states are described by dominant plant forms, and the disturbance is grazing pressure (59) . Other examples include transitions from clear lakes to turbid ones (3, 46); alternative states are indicated by dominant assemblages of primary producers in the water or rooted macrophytes and disturbances include physical variables such as light and temperature. Alternative states are also described in populations levels created by interactions among populations (10, 11, 48, 62) .
Carpenter et al. (3, 5) and Scheffer (46) have used the heuristic of a ball and a cup to highlight differences between these types of resilience. The ball represents the system state and the cup represents the stability domain (Figure 1 ). An equilibrium exists when the ball sits at the bottom of the cup and disturbances shake the marble to a transient position within the cup. Engineering resilience refers to characteristics of the shape of the cup-the slope of the sides dictate the return time of the ball to the bottom. Ecological resilience suggests that more than one cup exists, and resilience is defined as the width at the top of the cup. Implicit in both of these definitions is the assumption that resilience is a static property of Figure 1 Ball and cup heuristic of system stability. Valleys represent stability domains, balls represent the system, and arrows represent disturbances. Engineering resilience is determined by the slopes in the stability landscapes, whereas ecological resilience is described as the width. Adaptive capacity refers to the ability of the system to remain in a stability domain, as the shape of the domain changes (as shown by the three slices or landscapes).
systems. That is, once defined, the shape of the cup remains fixed over time. But recent work indicates that stability domains are dynamic and variable.
Adaptive Capacity Many of the manifestations of human-induced state changes in ecosystems result from alteration of the key variables that influence the underlying stability domains. The key variables that configure these stability domains change at relatively slow rates (without human intervention). Examples include nutrients in wetlands and lakes (5, 46), species compositions in rangelands (56, 59) or trophic relationships (4). Using the ball in cup heuristic, the shape of the cup is subject to change, altering both stability (return time) and resilience (width of stability domain). Scheffer et al. (46) depict this as multiple stability landscapes (three slices in Figure 1 ). The property of an ecosystem that describes this change in stability landscapes and resilience is referred to as adaptive capacity (19) .
Ecosystem Dynamics and Multiple Stable States
The previous section outlined a contrast among three views of resilience. All describe aspects of change in ecosystems and the degree of that change. But much of the literature over the last 30 years has addressed whether multiple stable states exist in ecosystems, and if so what mediates transition among them.
There is a growing body of literature that documents transitions among stability domains in a variety of ecosystems (4, 21, 35, 38, 59, 60) . Many of those systems are influenced by human activities, which has led to a confounding problem around ecological resilience. Some authors (49) suggest that alternative stable states do not exist in systems untouched by humans, while others (10, 47) indicate that these are and have been part of the dynamics of systems with or without humans. Without treading on the question of whether people are or are not natural parts of ecosystems, three examples are presented suggesting that people do change the resilience of system. One involves lake systems, another wetlands, and the other semi-arid rangeland. In each example, the alternative states are discussed, as are the mechanisms that result in the transitions and those processes that contribute or detract from ecological resilience.
Shallow Lakes
Limnologists have long recognized the existence of qualitative differences in the state of lakes. In shallow lakes, two alternative states can be characterized as (a) clear water and rooted macrophytes or (b) turbid water with planktonic algae (45, 46) . Each of these states is relatively stable due to interactions among nutrients, the types of vegetation, and light penetration (Figure 1 ). In the clear water state, sediments, and nutrient cycling are stabilized by rooted vegetation (45, 46) . The turbid state persists when wind-driven mixing resuspends sediments. The sediments and phytoplankton in the water column decrease light penetration, thereby curtailing establishment of benthic vegetation (45, 46) .
Transitions between these two states can be mediated by trophic relationships. Decreasing stocks of planktivorous fish can create a shift from a turbid to a clear lake. As predation on herbivorous zooplankton decreases, their populations increase, leading to an increase in herbivory and a reduction in phytoplankton biomass. Increased light penetration and available nutrients then lead to establishment of rooted vegetation (45) . In the other direction, shifts from the clear to turbid state can result from overgrazing of benthic vegetation by fish or waterfowl (45) . The shift between stable states is hysteretic-the disturbances that influence change in one direction do not have similar impacts in the opposite direction (45) .
Wetlands Nutrient enrichment in the freshwater marshes of the Everglades caused the loss of resilience. The Everglades is an oligotrophic wetland, limited primarily by phosphorus (50) . For the past 5000 years or so, the ecosystem effectively self-organized around this low nutrient status, pulsed by annual wet/dry cycles and by decadal recycling associated with fires (17) . The resulting landscape mosaic was comprised of sawgrass marshes and wet prairies interspersed with small tree islands (7, 33, 50) .
In the late 1970s and early 1980s, large-scale vegetation changes were noticed in the regions downstream from the Everglades agricultural area. Sawgrass marshes and wet prairies had become dominated by a single species-cattail (8) . The conversion was attributed to a slow increase in the concentration of soil phosphorus, and a disturbance, such as fire, drought or freeze.
Key ecosystem processes and structures occur at various spatial and temporal scales. The vegetation structures represent the most rapidly changing variables, with plant turnover times on the order of 5 to 10 years (8) . Fires operate on return frequencies of 10 to 20 y (20, 53) . Other disturbances such as freezes and droughts occur on multiple decade return times (20, 53) . The soil phosphorus concentrations are the slowest of the variables, with turnover times on the order of centuries (8) .
The resilience of the freshwater marshes is related to the soil nutrient content. The alternative stability domains are characterized by the dominant plant species; sawgrass or wet prairie communities dominate on sites with low nutrients, and cattail dominates on sites with higher soil phosphorus concentrations. Following a disturbance, it is the soil phosphorus level that determines which of these species dominate.
Semi-arid Rangelands Savanna rangelands are found in climatic regimes of hot, rainy summers and mild, dry winters. These systems have high productivity and support a diverse assemblage of perennial and annual grasses and few woody plants. Key biophysical processes in these systems include variation in rainfall, fires, and grazing. Walker (59) and Ludwig et al. (36) identify alternative stable states as either woody/grass coverage, or woody thicket. The transition between these states is mediated by grazing pressures that remove either drought-tolerant or perennial grasses (36, 59) . If grazing pressures are high, the perennial grass abundance is decreased, leading to an increased abundance of woody plants. Once the woody community is established, fires burn less frequently (if the thickets burn at all) and the woody community persists for decades. Walker and Ludwig et al (36, 59) suggest that the woody/grass assemblage can be reestablished, either through collapse of matured woody plants or through manipulation of fire and drainage processes (36) . The role of functional biodiversity in contributing to the ecological resilience is discussed in the next section.
Resilience in Ecosystems-Patterns and Process
Resilience is an emergent property of ecosystems and is related to self-organized behavior of those ecosystems over time. In this sense, self-organization is the interaction between structure and process that leads to system development, regardless of initial conditions. Self-organization also implies that for certain scale ranges, structure and process are not easily separable and interact in an organic way to generate emergent patterns. The adaptive cycle or four-phase model of Holling (24, 25) describes how patterns and processes change over time in many ecosystems, especially those with disturbance regimes.
Holling (24, 25) describes ecosystem succession in the first two phases of the cycle. The exploitative phase is characterized by rapid colonization of recently disturbed areas. This phase gives way to a conservation phase, as material and energy are accumulated and stored. The exploitative phase is characterized by rapid growth in an arena of scramble competition, while the species that dominate in the later phase tend to have slower growth rates and survive in an arena of exclusive competition. The mature or conservative phase is followed by a phase when a disturbance influences the structure that has accumulated in previous phases. This phase is called creative destruction. Disturbance agents such as forest fires, insect pests, or intense pulses of grazing suddenly release accumulated ecological capital. The system enters the fourth phase, or reorganization. The system passes through the reorganization phase and then enters another exploitative phase.
Resilience is related to the phase of Holling's adaptive cycle. During the exploitation phase, ecological resilience is high-the system can absorb a wide range of disturbances. When the system is reaching the limits to its conservative growth, it becomes increasingly brittle and its accumulated capital is ready to fuel rapid structural changes. The system is very stable, but that stability is local and narrow. A small disturbance can push it out of that stable domain into catastrophe. The nature and timing of the collapse-initiating disturbance determines, within some bounds, the future trajectory of the system. Therefore this brittle state presents the opportunity for a change at a small scale to cascade rapidly through the over-connected system, bringing about its rapid transformation. Either internal conditions or external events can initiate collapse, but typically it is internally induced brittleness (because of high connectivity and accumulated capital) that sets the conditions for collapse. The system becomes "an accident waiting to happen" (24) During the reorganization phase, a system becomes most vulnerable to changing stability domains. There is little local regulation and stability, so that the system can easily be moved from one state to another. Resources for growth are present, but they are disconnected from the processes that facilitate and control growth. In such a weakly connected state, random seedings can generate multiple trajectories, which then establish the exploitative path along which the system develops. The previous system pattern may reassert itself, or the system may reorganize itself into a novel structure.
Resilience and Biodiversity
The relationship between biological diversity and ecological stability has been an ongoing discussion in ecology (37, 51, 52). Tilman (51, 52) has demonstrated that, over ecologically brief periods, an increase in species number increases the efficiency and stability of some ecosystem functions, but decreases the stability of the populations of the species. While this work is important and interesting, it focuses upon how an ecosystem behaves near some steady state. The role of ecological diversity over a much broader range of variations and especially the relationship between diversity and resilience have only been recently addressed (31, 43, 55, 56) .
When grappling with this broader relationship between diversity and resilience Walker (58) developed a driver and passengers analogy. Walker proposed that functional groups of species can be divided into 'drivers' and 'passengers.' Drivers are keystone species that control the future of an ecosystem, while the passengers live in but do not alter significantly this ecosystem. However, as conditions change, endogenously or exogenously, species shift roles. In this model, removing passengers has little effect, but removing drivers can have a large impact. Ecological resilience resides both in the diversity of the drivers, and in the number of passengers who are potential drivers. Walker has more recently shown how the diversity of functional groups also maintains the resilience of ecosystem structure and function (56) . Such diversity provides robustness to ecosystem functions and resilience to the system behavior. Moreover, this seems the way many biological processes are regulated-overlapping influences by multiple processes, each one of which is inefficient in its individual effect but together operating in a robust manner.
Recent models indicate that biodiversity provides a cross-scale resilience (43) . Species combine to form an overlapping set of reinforcing influences that help spread risks and benefits widely to retain overall consistency in performance independent of wide fluctuations in the individual species. Because of the robustness of this redundancy within functional groups, and the non-linear way behavior suddenly flips from one pattern to another and one set of controls to another, gradual loss of species involved in controlling structure initially would have little perceived effect over a wide range of loss of species. As loss of those species continued, different behavior would emerge more and more frequently in more and more places. To the observer, it would appear as if only the few remaining species were critical when in fact all add to the resilience. Although behavior would change suddenly, resilience measured as the size of stability domains (22) would gradually contract. The system, in gradually losing resilience, would become increasingly vulnerable to perturbations that earlier could be absorbed without change in function, pattern, and controls.
As humans struggle to manage these key ecosystem attributes of function and pattern, there is a growing recognition of the importance of ecological resilience. Ecological resilience is recognized as the property that allows for managers and other actors to learn from and adapt to the unpredictability inherent in these ecosystems. This idea is developed in the final section in which the interaction between ecosystem management and resilience is discussed.
Managing for Resilience in Policy and Practice
A growing number of case histories of large-scale, bureaucratic resource systems (16, 29) and traditional management systems (2) demonstrate patterns of surprise, crises, and reformation. Shifts between alternative conditions are usually signaled as a resource crisis. That is, a crisis occurs when an ecosystem behaves in a surprising manner or when observations of a system are qualitatively different from expectations of that system. Such surprises occur when variation in broad scale processes (such as a hurricane or extreme drought), intersects with internal changes in an ecosystem due to human alteration. Examples of human induced shifts include woody invasion of semi-arid rangelands (59, 60) or algae blooms in freshwater lakes (15) as described earlier. These shifts in stability domains are chronicled as resource crisis. Understanding how and why people chose to react is key to managing for resilience.
When faced with shifting stability domains and resulting crises, management options fall into one of three general classes of response. The first is to do nothing and wait to see if the system will return to some acceptable state. One consequence of this option is that the social benefits of the desired state are foregone while waiting to see if the system will return to the desired state. The second option is to actively manage the system and try to return the system to a desirable stability domain. The third option is to admit that the system is irreversibly changed, and hence the only strategy is to adapt to the new, altered system. The ecological resilience of the system provides some measure of ease of transition among states and is a key consideration regarding how management actions should or can be structured. This theme is developed in the following two sections, one on how building understanding provides resilience and the second on how to maintain or restore resilience in managed systems.
Uncertainty, Understanding, and Resilience
During most of the 20 th century, the goal of technologically-based resource management has been to control the external sources of variability in order to seek a single goal, such as maximization of yield (trees, fish) or controlling levels of pollution. This 'command and control' approach focuses on controlling a target variable, but then slowly changes other parts of the system (27) . That is, isolating and controlling the variables of interest (i.e. assuming that the uncertainty of nature can be replaced with the certainty of control) has resulted in erosion of resilience. The manifestation of that erosion is the pattern of policy crisis and reformation as mentioned above and elsewhere (16) . Much of subsidized agriculture, where incentives are set up to deal with changes in markets and costs, as well as variability from nature, falls into this category (6) .
Much of the 'command and control' resource management that leads to loss of ecological resilience is based upon the presumed predictability of complex ecological systems and driven by the myth that disciplinary science will resolve most uncertainties of management. But there has been a growing sense that traditional scientific approaches are not working, and, indeed, make the problem worse (34) . One reason why rigid scientific and technological approaches fail is because they presume a system near equilibrium and a constancy of relationships. In this case, uncertainties arise not from errors in tools or models but from lack of appropriate information for the models. Another reason for failure is that few approaches account for inherent complex relationships among variables that lead to inherent unpredictabilities in ecological systems. Scientific disciplines tend to break the management issue into parts for analysis, and have historically generated piecemeal sets of policies as solutions (16, 61). Yet, recent models by Carpenter and others (5) that integrate ecologic, economic, and social dynamics around a flipping lake system indicate that ecosystem resilience must be continually probed.
Different views of science can contribute to a loss of ecological resilience. One mode of science focuses on parts of the system and deals with experiments that narrow uncertainty to the point of acceptance by peers; it is conservative and unambiguous by being incomplete and fragmentary. The other view is integrative and holistic, searching for simple structures and relationships that explain much of nature's complexity. This view provides the underpinnings for an approach to dealing with resource issues called adaptive management, which assumes surprises are inevitable, that knowledge will always be incomplete, and that human interaction with ecosystems will always be evolving (16, 23, 30, 61) .
Adaptive management is an integrated, multidisciplinary method for natural resources management (23, 61) . It is adaptive because it acknowledges that the natural resources being managed will always change, so humans must respond by adjusting and conforming as situations change. There is and always will be uncertainty and unpredictability in managed ecosystems, both as humans experience new situations and as these systems change because of management. Surprises are inevitable. Active learning is the way in which this uncertainty is winnowed. Adaptive management acknowledges that policies must satisfy social objectives but also must be continually modified and be flexible for adaptation to these surprises (16, 23, 30, 61) . Adaptive management therefore views policies as hypotheses-that is; most policies are really questions masquerading as answers. Since policies are questions, then management actions become treatments in the experimental sense. The process of adaptive management includes highlighting uncertainties, developing and evaluating hypotheses around a set of desired system outcomes, and structuring actions to evaluate or 'test' these ideas (16, 23, 30, 61) . Although learning occurs regardless of the management approach, adaptive management is structured to make that learning more efficient. Trial and error is a default model for learning while managing; people are going to learn and adapt by the simple process of experience. Just as the scientific method promotes efficient learning through articulating hypotheses and testing those hypotheses, adaptive management proposes a similar approach to resolving uncertainties of resource issues.
A unique property of human systems in response to uncertainty is the generation of novelty. Novelty is key to dealing with surprises or crises. Humans are unique in that they create novelty that transforms the future over multiple decades to centuries. Natural evolutionary processes cause the same magnitude of transformation over time spans of millennia. Examples are the creation of new types and arrangements of management institutions after resource crises in the Everglades or Columbia River Basin (30, 32) .
Restoration and Maintenance of Resilience
At least two aspects of managing for resilience can be identified; strategies that people employ in order to restore or maintain ecological resilience and properties that contribute to resilience in human organizations. In order to add resilience to managed systems, at least three strategies are employed: increasing the buffering capacity of the system, managing for processes at multiple scales, and nurturing sources of renewal (18) . Most activities for buffering tend to address the engineering type of resilience, that is, mitigating the effects of unwanted variation in the system in order to shorten the return time to a desired equilibrium. In many agricultural systems, resistance to change is dealt with by a combination of barriers to outside forces (tariffs, fences, etc.) and internal adjustments such as water or cost control mechanisms (6) . Water resource systems can be designed for resilience by increasing the buffering capacity or robustness through redundancy of structures (and flexibility of operations) rather than fewer, larger structures and rigid operational schemes (12) . Folke, Berkes and collaborators (1, 2, 13, 14) suggest that traditional approaches (they define as traditional ecological knowledge) buffer systems by allowing smaller scale perturbations to enter the system, thereby lessening the impact of unpredictable or large perturbations. One such example is that the Cree fisherman use a mixed-size mesh net to harvest multiple ages classes, thereby preserving an age class structure that mimics a natural population (1). This age structure helps buffer widely varying reproductive success.
Resource systems that have been sustained over long time periods increase resilience by managing processes at multiple scales. Returning to the example of the Cree in northern Canada, Berkes (1) argues that multiple spatial domains are part of their fishing practices and multiple temporal domains in their hunting practices. While fishing within a season, the Cree monitor catch per unit effort. When they notice the rate dropping, they immediately move to different areas and do not fish those areas for a number of years. Over longer time frames, they rotate fishing effort to more remote sites (1). Similarly, they retain information through belief systems, e.g. that caribou will return for hunting at annual and decadal cycles or periods. Similarly, the Everglades water management system has changed to manage across multiple time frames. In the mid 1970s water deliveries to Everglades Park were based upon a seasonally variable, but annually constant volume of water. This system was changed in the mid 1980s to a statistical formulation that incorporated interannual variation into the volumetric calculation (32).
Folke and Berkes (2) argue that local communities and institutions co-evolve by trial and error at time scales in tune to the key sets of processes that structure ecosystems within which the groups are embedded. Many of the crises chronicled by Gunderson et al. (16) were created by an inherent focus on one scale for management, and reformations of learning recognized the multiple scales by which the ecosystem was functioning. Institutions (defined broadly as the set of rules and structures that allow people to organize for collective action) can add resilience to a system. Young and McCay (63) argue that adding flexibility and renewable structure to property rights regimes will increase ecosystem resilience. They indicate that market-based property right schemes (licenses, leases, quotas or permits) should include termination schemes, with stable arrangements (entitlements, obligations) in the interim years. These principles complement Ostrom's (42) findings that successful institutions allow stakeholders to participate in changing rules that affect them.
A few key institutional ingredients appear necessary to facilitate the movement of systems out of crisis through a reformation. In the review of management histories in western systems (16) these included functions of learning, engagement and trust. Kai Lee (30) calls this "social learning", by combining adaptive management frameworks within a framework of collective choice. Other authors (2, 14) describe this as social capital; comprised of the institutions, traditional knowledge, and common property systems that are the mechanisms by which people link to their environment.
SUMMARY AND CONCLUSIONS
Resilience in engineering systems is defined as a return time to a single, global equilibrium. Resilience in ecological systems is the amount of disturbance that a system can absorb without changing stability domains. Adaptive capacity is described as system robustness to changes in resilience. In ecological systems, resilience lies in the requisite variety of functional groups and the accumulated capital that provide sources for recovery. Resilience within a system is generated by destroying and renewing systems at smaller, faster scales. Ecological resilience is reestablished by the processes that contribute to system 'memory' of those involved in regeneration and renewal that connect that system's present to its past and it to its neighbors.
Many human activities shrink ecological resilience by attempting to control variability in key ecosystem processes. This loss of resilience is often accompanied by a change in system state, signaled as a resource crisis. When a system has shifted into an undesirable stability domain, the management alternatives are to restore the system to a desirable domain, allow the system to return to a desirable domain by itself, or adapt to the changed system because changes are irreversible.
Resilience is maintained by focusing on keystone structuring processes that cross scales, on sources of renewal and reformation, and on multiple sources of capital and skills. No single mechanism can guarantee maintenance of resilience. Strategies that address requisite variety of purposes and concentrate on renewal contribute to resilience. Institutions should focus on learning, and understanding of key cross-scale interactions. Learning, trust and engagement are key components of social resilience. Social learning is facilitated by recognition of uncertainties, monitoring and evaluation by stakeholders. The most difficult issues to deal with are those whose consequences will be realized 10 to 50 years in the future over broad scales. Visit the Annual Reviews home page at www.AnnualReviews.org 
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